Sphingolipid metabolites such as sphingosine-1-phosphate (S1P) and ceramide modulate apoptosis during development and in response to stress. In general, ceramide promotes apoptosis, whereas S1P stimulates cell proliferation and protects against apoptosis. S1P is irreversibly degraded by the enzyme S1P lyase (SPL). In this study, we show a crucial role for SPL in mediating cellular responses to stress. SPL expression in HEK293 cells potentiated apoptosis in response to stressful stimuli including DNA damage. This effect seemed to be independent of ceramide generation but required SPL enzymatic activity and the actions of p38 MAP kinase, p53, p53-inducible death domain protein (PIDD), and caspase-2 as shown by molecular and chemical inhibition of each of these targets. Further, SPL expression led to constitutive activation of p38. Endogenous SPL expression was induced by DNA damage in WT cells, whereas SPL knockdown diminished apoptotic responses. Importantly, SPL expression was significantly downregulated in human colon cancer tissues in comparison with normal adjacent tissues, as determined by quantitative real-time PCR (Q-PCR) and immunohistochemical analysis. Down-regulation of S1P phosphatases was also observed, suggesting that colon cancer cells manifest a block in S1P catabolism. In addition, SPL expression and activity were down-regulated in adenomatous lesions of the Min mouse model of intestinal tumorigenesis. Taken together, these results indicate that endogenous SPL may play a physiological role in stress-induced apoptosis and provide an example of altered SPL expression in a human tumor. Our findings suggest that genetic or epigenetic changes affecting intestinal S1P metabolism may correlate with and potentially contribute to carcinogenesis.
S
phingosine-1-phosphate (S1P) is a bioactive sphingolipid metabolite and the final common product of complex sphingolipid metabolism. S1P acts through its cognate G proteincoupled receptors to inhibit apoptosis, regulate lymphocyte trafficking and to promote DNA synthesis, cell proliferation, cell migration, and angiogenesis (1, 2). The SPHK1 gene, which encodes the major sphingosine kinase responsible for S1P synthesis, can act as an oncogene in model systems (3) . Further, parenteral administration of S1P-specific antibodies markedly slows human cancer xenograft progression and angiogenesis (4) . S1P signaling has been implicated in the development of the drug resistant phenotype in cancer cells (5) . Together, these findings strongly support a role for S1P signaling in promoting tumorigenesis and cancer progression. Despite these observations, evidence of genetic changes in human cancer tissues that would directly implicate S1P signaling in these processes is lacking. S1P is irreversibly degraded by the pyridoxal 5Ј-phosphatedependent enzyme, S1P lyase (SPL). SPL is highly conserved throughout evolution, is required for maintenance of physiological levels of S1P and other sphingolipid intermediates and contributes to normal development, reproduction, tissue integrity and stress responses in many species (6) . In addition, SPL inhibition was recently shown to prevent lymphocyte trafficking by disrupting S1P gradients in blood and tissues, demonstrating that SPL can have significant effects on S1P signaling (7) . Our previous studies have shown that SPL expression promotes apoptosis in human cells (8) . However, the downstream mechanisms by which SPL influences apoptosis and the relevance of SPL expression to human disease remain incompletely understood.
In this study, we characterize the role of SPL in stress-induced apoptosis in human cells and define the mechanisms responsible for this phenomenon. These studies provide a link between sphingolipid metabolism and tumor suppressor pathways and implicate SPL as a mediator in the physiological response to DNA damage. Further, we find that SPL is down-regulated in human colorectal carcinomas (CRC) and in Min mouse intestinal adenomas, suggesting that SPL loss of function may correlate with and͞or contribute to intestinal carcinogenesis.
Results

SPL Expression Potentiates Apoptosis in Response to Stress.
We have reported that SPL expression promotes apoptosis in response to serum deprivation (8) . Here, we show that SPL expression in HEK293 cells also promotes apoptosis in response to treatment with staurosporine and etoposide, as shown by increased caspase-3 activity in whole-cell extracts (Fig. 8 , which is published as supporting information on the PNAS web site) and other indicators of apoptosis including annexin binding, poly-ADP-ribose polymerase (PARP) cleavage, nuclear condensation and morphological characteristics ( Fig. 1 and Fig. 9C , which is published as supporting information on the PNAS web site). Whereas cells expressing SPL or vector control both activated caspase-3 in a time-dependent fashion after treatment with etoposide, caspase-3 was activated in cells expressing SPL Ϸ8-16 h earlier than WT cells (Fig. 1) . The effect was maximal at 24 h and was evident over a range of etoposide doses.
SPL Catalytic Activity Is Required to Potentiate Apoptosis. The effect of SPL was compared with that of a catalytically dead mutant SPL containing a lysine to leucine substitution at the predicted cofactor binding lysine residue (8) . Cells expressing catalytically inactive SPL showed no differences in survival after etoposide treatment in comparison with vector control cells, whereas cells expressing active SPL demonstrated a marked reduction in survival (Fig. 10A , which is published as supporting information on the PNAS web site). Similarly, whereas active SPL potentiated apoptosis in response to serum deprivation and staurosporine, overexpression of mutant SPL had no effect ( Fig. 10 B and C) . These results indicate that enzymatic activity of SPL is required for its effects on apoptosis, consistent with the low level of S1P found in cells expressing SPL (Fig. 11 , which is published as supporting information on the PNAS web site). In contrast, ceramide levels in etoposide-treated cells are not appreciably or consistently influenced by SPL expression (Table  1 , which is published as supporting information on the PNAS web site), suggesting that the effects of SPL on cellular responses to etoposide may be independent of ceramide.
SPL Promotes Apoptosis Through a p53-Dependent Mechanism.
To examine the potential role of p53, a major effector of apoptosis in response to DNA damage, cells expressing SPL or vector control were simultaneously treated with etoposide and pifithrin-␣, a chemical inhibitor of p53 transcriptional activity. Pifithrin-␣ abrogated apoptosis in cells treated with etoposide, as determined by caspase-3 activity in extracts of cells expressing SPL compared with either vector control (Fig. 12 A, which is published as supporting information on the PNAS web site; also see Fig. 3B ) or mutant SPL (Fig. 10D) . To confirm the involvement of p53, cells expressing SPL were transiently transfected with a dominant negative mutant of p53, p53 R248W or vector control, followed by etoposide treatment. Expression of p53 R248W blocked p53 function, as shown by the lack of induction of the downstream cell cycle regulator p21͞WAF1 in response to etoposide (Fig. 12B) . In contrast, p21͞WAF1 was readily induced by etoposide in vector-transfected cells. Importantly, expression of p53 R248W inhibited apoptosis in response to DNA damage in cells expressing SPL (Fig. 12C) . Similar results were obtained by using a second p53 dominant negative mutant, p53 R175H (data not shown). Taken together, these results indicate that SPL potentiates apoptosis in response to stress through a p53-dependent pathway. and Caspase-2. Caspase-2 is an initiator caspase that is activated in response to DNA damage and has been implicated as an early mediator of etoposide-and ceramide-mediated apoptosis (9) . Caspase-2 activity was markedly up-regulated in response to etoposide in cells expressing SPL compared with control cells (Fig. 2A) . Inhibition of p53 transcriptional activity with pifithrin-␣ blocked caspase-2 activation in response to etoposide in both SPL and control cells. As shown in Fig. 2B , inhibition of caspase-2 with the caspase-2-specific inhibitor Z-VDVAD-FMK abrogated apoptosis in SPL expressing cells. These results suggest that SPL promotes apoptosis in response to etoposide through activation of caspase-2. Caspase-2 is activated by a protein complex that includes the p53-inducible-death-domaincontaining protein PIDD (10, 11) . Knockdown of PIDD by using a PIDD-specific siRNA led to inhibition of apoptosis in cells expressing SPL and treated with etoposide (Fig. 2C) . Thus, SPL seems to promote apoptosis through a pathway involving the sequential activation of p53, PIDD and caspase-2.
SPL Expression Leads to Constitutive Activation of the Stress Activated MAP Kinase, p38. SPL expression was recently shown to induce apoptosis in response to the alkylating agent cisplatin through a mechanism involving the stress-activated protein kinase p38 (12) . To explore whether p38 plays a role in SPLmediated stress responses, the expression of both unphosphorylated (inactive) and phosphorylated (active) forms of p38 were examined in the lysates of cells expressing SPL or vector control. As shown in Fig. 3A , p38 was constitutively activated in cells expressing SPL, as demonstrated by the high level of phosphop38 in the presence and absence of etoposide. However, the level of total p38 was similar in cells expressing SPL and vector control under both conditions. Inhibition of p38 activity by using the specific p38 inhibitor SB203580 completely abrogated the effect of SPL on apoptosis in response to etoposide, as determined by caspase-2 ( Fig. 3B ) and caspase-3 activity (Fig. 3C ). Neither the PI3-kinase inhibitor LY294002 nor the MEK inhibitor PD98059 had any effect on the ability of SPL to promote apoptosis (Fig.  3D) . Thus, SPL expression leads to constitutive activation of p38, which is specifically required for downstream caspase activation in response to stress. Role of Endogenous SPL in Apoptosis. As the above studies were performed by using an SPL expression system, we next addressed the function of the endogenous protein. SPL expression was induced in response to DNA damage, as shown by the activation of two different SPL luciferase reporters and increased abundance of SPL protein in extracts of cells treated with etoposide ( Fig. 4 A, B , and E). Induction of SPL protein was evident by 6 h after treatment, well before induction of PARP cleavage. SPL protein expression was similarly induced in HeLa cells in response to etoposide (data not shown). To examine the effect of SPL ablation on cells undergoing stress, HEK293 cells were transfected with siRNA against SPL or siRNA control, then treated with etoposide for 48 h and evaluated for apoptosis. As shown in Fig. 4 C and E, siRNA treatment markedly reduced SPL protein expression. Knockdown of SPL diminished apoptosis both at baseline and in response to etoposide, as shown by a reduction in caspase-3 activity (Fig. 4D ). These studies highlight the role of endogenous SPL in the physiological response to stress by demonstrating that SPL expression is responsive to DNA damage and required for maximal apoptotic responses.
The Effect of SPL on Apoptosis Is Not Cell-Specific. We sought to confirm these observations in independent cell lines. None of the malignant cell lines we have examined to date contain appreciable SPL activity. Therefore, an untagged SPL protein was expressed by using an adenoviral expression system in the MCF7 breast cancer cell line, which has WT p53 and p38. Because MCF7 cells lack active caspase-3, SPL was also expressed in MCF7 cells stably expressing caspase-3 (13) . As expected, caspase-3 activity in MCF7 cells was not detectable (Fig. 13A , which is published as supporting information on the PNAS web site). In contrast, MCF7͞caspase-3 cells demonstrated a 2-fold activation of caspase-3 in response to etoposide, indicating an active apoptotic response. Importantly, expression of SPL in MCF7͞caspase-3 cells elicited a 6-fold increase in caspase-3 activity, independent of etoposide treatment. Similarly, DLD1 colon cancer cells engineered to express functional p53 and forced to express SPL demonstrated increased apoptosis both at baseline and in response to daunorubicin treatment (Fig. 13B) . Thus, SPL expression induces apoptosis in cell lines of both malignant and nonmalignant origins.
Down-Regulation of SPL and S1P Phosphatase Expression in Colon
Cancer. The acquisition of genetic changes leading to defective apoptotic pathways is a common phenomenon in carcinogenesis. Therefore, we considered the possibility that SPL expression might be selected against in human malignancies and, in particular, in colon cancer, because SPL is normally highly expressed and active in intestines and colon, where it serves to metabolize dietary sphingolipids (14) . To address this possibility, SPL expression was compared in a series of 10 matched pairs of human CRC and normal adjacent tissue (NAT) from individual patients by using quantitative real-time PCR (Q-PCR). As shown in Fig. 5 , SPL (SGPL1) expression was significantly reduced in 8 of 10 CRC samples compared with NAT. In addition, two other genes directly responsible for S1P catabolism, S1P phosphatase 1 and 2 (SGPP1 and SGPP2) were markedly down-regulated in CRC versus NAT. In contrast, SPHK1 was not differentially expressed in tumor versus NAT. These findings suggest that S1P catabolism may be blocked in CRC.
SPL Is Down-Regulated in Intestinal
Polyps of the Min Mouse. SPL expression was also examined in the Min murine model of colon cancer, which is caused by mutations in the APC gene, also implicated in familial and spontaneous CRC in humans (15, 16) . Immunohistochemical analysis was performed by using polyclonal antisera against murine SPL. To establish the specificity of the antisera, the staining pattern of normal murine intestinal mucosa was compared with intestinal mucosa from a recently generated Sgpl1 Ϫ/Ϫ (SPL Ϫ/Ϫ ) knockout mouse (C. Raymond and P. Soriano, personal communication). As shown in Fig. 6A , strong SPL expression was observed in WT intestinal tissues, primarily in mature intestinal epithelial cells. This staining pattern emulates that of a Sgpl1 promoter-driven ␤-galactosidase reporter in Sgpl Ϫ/Ϫ mice (17) (data not shown). In sharp contrast, staining was entirely absent in the Sgpl1 Ϫ/Ϫ intestinal tissues (Fig. 6B) . Further, the antisera identifies a single polypeptide band in immunoblots of both murine and human cells and tissues (data not shown). These data establish the specificity of the antisera and confirm that SPL is highly expressed in normal murine intestinal epithelium. SPL expression was then evaluated in early adenomatous lesions and surrounding intestinal tissues of Min mice (Fig. 6C) . The entire gastrointestinal tracts of three individual mice were analyzed, in which adenomatous lesions ranged from 6 -12 per animal. SPL expression in 28 polyps versus normal adjacent tissues was examined. Importantly, whereas SPL expression was observed throughout normal villi and epithelial cells lining the intestinal lumen, expression in all adenomas was markedly reduced, as shown in the representative adenoma in Fig. 6 C-F . Quantification of image intensity (see Materials and Methods) indicates that the normal tissues express SPL at Ͼ2-fold higher levels than polyps (57 Ϯ 6.2 intensity units versus 25 Ϯ 6.5 units, respectively). SPL expression as determined by immunoblotting for SPL protein (Fig. 7 A and B) and SPL enzyme activity (Fig. 7C) were both reduced in adenomatous compared with unaffected Min mouse intestinal tissues, confirming that SPL is down-regulated during intestinal tumorigenesis To confirm our Q-PCR results demonstrating SPL downregulation in human CRC, SPL expression was evaluated by immunohistochemistry in seven available paraffin-embedded samples of CRC and NAT by using the antisera recognizing murine SPL, which cross-reacts with human SPL and, as shown above, is highly specific. As shown in Fig. 6G , SPL expression was evident throughout the normal colonic crypts, whereas expression was markedly reduced in CRC samples from the same patient (Fig. 6H) .
Discussion
In this study we demonstrate that SPL expression potentiates apoptosis in response to DNA damage and other stressful stimuli. These findings extend our previous observations defining a role for SPL in the response to serum starvation and are consistent with those of Li et al. (18) , who identified SPL in a genetic screen for mutations conferring resistance to cisplatin (8, 18) . One difference we noted in our current study is that cells with high SPL activity did not accumulate ceramide in response to DNA damage, whereas we previously found ceramide accumulation to contribute to SPL's effects on cell survival in response to serum deprivation (8) . This result may be due to a variety of factors, including differences in timing, methodology of ceramide determination, and involvement of pathways unique to each stress condition. Several important signaling pathways control apoptosis in response to DNA damage and other stresses. Among these, the p53 signaling pathway may be the most critical, because it is defective in Ͼ50% of all human cancers, and its ability to induce apoptosis is considered a fundamental aspect of its tumor suppressor function (19) . Our results indicate that SPL expression promotes apoptosis through a cascading mechanism that involves p53, PIDD, and caspase-2. It is interesting to note that caspase-2 has been implicated in mediating apoptosis during development and in response to serum deprivation, staurosporine treatment, etoposide, cisplatin and other stressful stimuli (20) (21) (22) , conditions in which SPL expression has an effect. It is not clear how SPL expression interacts with the p53 pathway, although we have observed significant changes in the phosphorylation of specific p53 residues previously implicated in mediating the DNA damage response (data not shown).
Cells overexpressing SPL demonstrated constitutive activation of p38, an important member of the MAP kinase family involved in mediating cellular responses to stress, inflammation and treatment with chemotherapeutic agents (23) . Abundant studies have implicated a role for p38 in the regulation of apoptosis, with some placing p38 upstream and others downstream of caspases (24) . p38 has also been considered a tumor suppressor, consistent with its role in inducing apoptosis in response to cellular stress, as well as its known function as an activator of p53 (25) . In our study, inhibition of p38 activity blocked both caspase-2 and caspase-3 activation in response to etoposide, whereas inhibitors of other signaling kinases did not affect the activation of these caspases. This finding suggests that p38 acts upstream of caspase-2 and -3 in the pathway. Interestingly, a recent study demonstrated that caspase-2 activates p38 in a TRAF2-mediated manner (26) . These studies indicate that the interplay between caspase-2 and p38 may be more complex, with interactions occurring in both directions.
SPL expression is induced in response to DNA damage, indicating it may play a role in stimulating or amplifying apoptosis in physiological contexts. Interestingly, SPL expression increased apoptosis in MCF7 and DLD1 cells in the absence of cytotoxic agents, and exposure to etoposide did not increase apoptosis over that of SPL expression alone, which speaks to an effect intrinsic to SPL expression. This observation may be explained by the higher level of SPL expression achieved in transient expression systems, especially with the adenovirus-mediated transduction, which is itself a cellular stress. Thus, we do not observe an appreciable difference in baseline apoptosis when we compare HEK293 cells that have integrated copies of pcDNA-SPL in their chromosomes to those with integrated empty vector. Alternatively, SPL may play some role in the regulation of apoptosis even in the absence of stress, potentially via p38 activation.
SPL is highly expressed in normal intestinal and colonic epithelium, where it degrades S1P formed by metabolism of dietary sphingolipids. However, we find that SPL is down-regulated in human CRC and early adenomatous lesions of Min mice. Dietary sphingolipids protect against intestinal tumorigenesis through conversion to growth-inhibitory sphingosines in the intestinal lumen (27) (28) (29) . However, our finding suggests that sphingolipid metabolism may be blocked in CRC, leading to intracellular S1P accumulation. This notion is consistent with our finding that S1P phosphatases are also underexpressed in CRC. Considering that S1P is a potent mitogen, inducer of COX-2 expression (30), and angiogenic factor, S1P accumulation may promote cell proliferation and could potentially subvert other therapeutic interventions for advanced CRC, such as VEGF blockade.
In summary, our findings show that SPL expression is induced in response to DNA damage and promotes apoptosis through well characterized tumor suppressor pathways. Further, these studies provide a link between SPL expression and human disease and suggest that metabolism of dietary sphingolipids may be blocked in colon cancer, potentially affecting tumorigenicity and͞or tumor progression.
Materials and Methods
Materials. Dimethyl sulfoxide, BSA, and pifithrin-␣ were from Sigma (St. Louis, MO); S1P was from Matreya, LLC (Pleasant Gap, PA); and SB203580, LY294002, PD98059, and etoposide were from Calbiochem͞EMD Biosciences, Inc. (La Jolla, CA).
Mice. Sgpl1
ϩ/Ϫ mice in the 129sv͞C57BL͞6 background (kind gift from P. Soriano, Fred Hutchinson Cancer Research Center, Seattle, WA) were crossbred to derive Sgpl1 ϩ/ϩ and Sgpl1 Ϫ/Ϫ progeny. Apc Min/ϩ (Min) mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Mice were maintained in the Children's Hospital Oakland Research Institute (CHORI) Animal Facility. All experiments were performed in accordance with CHORI Institutional Animal Care and Use Committeeapproved protocols. For intestinal tissue harvest, Sgpl1 ϩ/ϩ and Sgpl1 Ϫ/Ϫ mice were euthanized at 7 days of age and Min mice were euthanized at 79-80 days of age by CO 2 inhalation.
Cell Culture, Transfection, and Reagents. HEK293 cells stably expressing human SPL-GFP fusion protein or mutant SPL-GFP were generated as described (8) . MCF7 cells containing caspase-3 and vector control cells were a kind gift of A. G. Porter (Institute of Molecular and Cellular Biology, Proteos, Singapore). DLD1 cells expressing WT p53 were a kind gift of B. Vogelstein (Johns Hopkins Medical Institutions, Baltimore, MD). Cells were propagated in DME H-21 containing 10% FBS at 37°C with 5% CO 2 . Transient transfection of HEK293 cells was performed by using Lipofectamine 2000 (Invitrogen). Efficiency of cDNA transfections was Ͼ70%, demonstrated by simultaneous transfection with a GFP control plasmid. The human SPL gene was cloned in KpnI͞XhoI sites of pAdTrack-CMV and was used for virion production. Adenoviruses were propagated in Ad-293 cells (Stratagene), purified by using VivaPure AdenoPack 100 from VivaScience (Hanover, Germany), and used to infect MCF7 and DLD1 cells at a multiplicity of infection of 100.
Caspase and MTT Assays. Caspase-2 substrate Ac-VDVAD-pNA and caspase-3 substrate Ac-DEVD-pNA were from Biomol (Plymouth Meeting, PA). The cell-permeable caspase-2-specific inhibitor Z-VDVAD-FMK was from Calbiochem͞EMD Biosciences, Inc. Caspase and MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assays were performed as described (8) .
Caspase assays required different incubation times under different conditions. Thus, all caspase activity assays are presented in arbitrary units.
Annexin-Binding Assays. Phosphatidylserine exposure was determined by annexin binding as described (31) .
Immunoblotting. Antibodies to PARP and p21͞WAF1 were from eBioscience (San Diego, CA). Antibodies to actin were from Sigma. Antibodies to p38 and threonine 180 and tyrosine 182 phosphorylated p38 were from Cell Signaling Technologies (Beverly, MA). All primary antibodies were used at 1:1,000 dilution, except actin antibodies, which were at 1:20,000 dilution. Cell lysates were prepared and evaluated by immunoblotting as described (31) .
Sphingolipid Quantitation. Ceramide and S1P levels were quantitated as described (31, 32) .
Transcriptional Activation of SPL Reporters. SPL gene expression in response to etoposide was assessed by using two human SPL luciferase reporter constructs, as described (33).
Sgpl1 and PIDD siRNA. Cells were incubated overnight in six-well dishes in DME H-21 containing 10% FBS without antibiotics. After 24 h, the medium was replaced with fresh medium containing 100 nM SPL (Sgpl1) siRNA or PIDD siRNA (Dharmacon, Chicago, IL) complexed to either Lipofectamine 2000 (Invitrogen) or Dharmafect 1 (Dharmacon). Control cells were similarly treated with nontargeting siRNA control. Thirty-six hours after transfections, the cells were treated with etoposide or dimethyl sulfoxide (48 h for SPL siRNA experiment and 24 h for PIDD siRNA experiment), and cell lysates were prepared for caspase assays. The efficiency of siRNA uptake was Ͼ90%, determined by transfection with siGLO RISC-Free siRNA fluorescent control (Dharmacon).
Gene Expression in CRC. Total RNA was extracted from matched pairs of frozen CRC and NAT samples by using the RNeasy RNA isolation kit (Qiagen, Valencia, CA). Human tissue samples were thawed and stored in RNAlater-ICE (Ambion, Austin, TX) before homogenization. RNA quantity and purity were determined spectrophotometrically, and integrity was verified by using an Agilent 2100 Bioanalyzer. The level of gene expression was assessed by Q-PCR of reverse-transcribed total RNA, by using a combination of TaqMan and SYBR green-based chemistries for amplicon detection. Statistical analyses were performed for each gene by using a paired t test to compare mean values, where P Ͻ 0.05 was considered significant. Control cycle thresholds and relative expression values for two separate experiments are provided in Tables 2 and 3 , Fig. 14 (shown graphically), and Supporting Materials and Methods, which are published as supporting information on the PNAS web site.
SPL Immunohistochemistry. Formalin-fixed and paraffin-embedded murine intestinal tissues, human CRC, and NAT samples were deparaffinized and incubated for 30 min in 3% hydrogen peroxide͞ methanol to quench endogenous peroxidases. Sections were rinsed in PBS and immunostained with anti-(murine) SPL antisera at 1:200 dilution in 0.5% PBS͞ova albumin at 37°C for 1 h after antigen retrieval with citrate buffer (pH 6.0) in a small autoclave set for 125°C for 2 min; slides were cooled for 1 h at room temperature before adding secondary antibody. Secondary antibody was biotinylated anti-rabbit (Vector Laboratories, Burlingame, CA) diluted 1:1,000 in 0.5% PBS͞ova albumin and incubated for 30 min at room temperature. Sections were incubated with Elite ABC kit (Vector Laboratories) for 30 min and rinsed in PBS. Detection was with DAB (Vector Laboratories) for 2 min, and counterstaining was in hematoxylin. For additional details, see Supporting Materials and Methods.
